Introduction
Accumulating evidence indicates that reactive oxygen species play a pivotal role in the development of vascular dysfunction caused by various disease states, including hypertension (1) (2) (3) . An exaggerated production of superoxide anion (O2 − ) by the vascular wall has been observed in different animal mod-els of hypertension. Among the multiple enzymatic systems that produce superoxide in vascular cells, the major enzymatic source of intracellular superoxide is NAD(P)H oxidase, which generates O2 − by a one-electron reduction of molecular oxygen (2, 3). NAD(P)H oxidase consists of multiple subunits, electron transfer moieties such as gp91phox, Nox1, and Nox4, and another membrane component, p22phox. It also includes regulatory subunits such as p47phox, p67phox, and rac1. The enhanced expression and/or enhanced activation of NAD(P)H oxidase have been suggested as a mechanism underlying the enhancement of superoxide anion production in hypertension (2, 3) . Continuous infusion of angiotensin II to various animal models has been shown to cause sustained hypertension and vascular injury. In the aortas from angiotensin II-infused rabbits, adventitial fibroblasts and smooth muscle were found to have important roles in the superoxide production, and the expression of p67phox in adventitia was increased (4) . In aortas from angiotensin II-infused rats, the expressions of Nox1, gp91phox, Nox4, and p22phox were increased (5) . In spontaneously hypertensive rats (SHR), in which the renin-angiotensin system has a pivotal role in the development and maintenance of hypertension as well as in vascular injury, a previous study examined only p22phox and found that its expression in SHR aortas was up-regulated or comparable to that in Wistar Kyoto Rats (WKY) (6, 7) . Another study showed that expressions of Nox1 mRNA, gp91phox mRNA, and p22phox mRNA were comparable between SHR and WKY (3-4 months old and 9-12 months old, respectively). In contrast, a study of cerebral arteries from stroke-prone SHR (SHRSP) showed increased expression of Nox4 in SHRSP, whereas the expressions of Nox1, gp91phox, p22phox, and p47phox did not differ between SHRSP and WKY (8, 9) . Thus, the alteration in the expression of NAD(P)H oxidase components in vascular tissue from the chronic hypertension model appears to differ from that in the angiotensin II-infusion model, and the alteration in the expression of NAD(P)H oxidase components in the former model is still controversial. In addition, it is not known whether antihypertensive treatment could normalize the altered expression of NAD(P)H oxidase, and particularly the expression of Nox family members, in hypertension. Thus, in the present study we used aortas from 32-week-old SHRSP and WKY, as well as those from chronically treated SHRSP beginning at 24 weeks of age and continuing for 8 weeks, to evaluate the expression of NAD(P)H oxidase, superoxide production, and the remodeling of the aorta after administration of high-or low-dose angiotensin II type 1 receptor blocker or hydralazine plus hydrochrolothiazide.
Methods

Animals and Tissue Preparation
The present study was approved by the Committee on the Ethics of Animal Experimentation of Kyushu University. Male SHRSP/IZM and WKY/IZM (Disease Model Cooperative Research Association, Kyoto, Japan) were fed a standard rat chow and had free access to tap water. At 24 weeks of age, SHRSP were assigned to either a control group (SP-C) or one of three treatment groups: candesartan (Takeda Pharmaceutical Co., Osaka, Japan) 0.2 mg/kg/day (SP-Cand(low)), candesartan 4 mg/kg/day (SP-Cand(high)), or a combination of hydralazine 30 mg/kg/day and hydrochlorothiazide 4.5 mg/ kg/day (SP-HH) for 8 weeks. All drugs were given in the drinking water. Systolic blood pressure (SBP) was measured by the tail-cuff method.
RNA Preparation and Real-Time Quantitative Polymerase Chain Reaction
At 32 weeks of age, the rats were anesthetized with ether and killed by decapitation. The aortas were quickly excised and washed in ice-cold phosphate-buffered saline. Adventitial tis- sue was cleaned from the vessels and the endothelium was removed by rubbing. The tissues were quickly frozen in liquid nitrogen and stored at −80°C until further use. Total RNA was isolated using the Isogen total RNA isolation system (Nippon Gene, Tokyo, Japan) according to the manufacturer's protocol, and was reverse-transcribed using BcaPLUS RTase (Takara, Osaka, Japan). Aliquots of the reverse-transcription products were used for quantitative polymerase chain reaction (PCR) in the LightCycler™ PCR and Detection System using the Fast Start DNA Master SYBER Green I kit (both from Roche Molecular Biochemicals) as described by the manufacturer. Optimized amplification conditions were 0.3 μmol/l primers for gp91phox and p22phox (Table 1) , 3 nmol/l MgCl2, and annealing at 63°C; and, for Nox1, Nox4, and GAPDH, 0.5 μmol/l primers (Table 1) , 3 nmol/l MgCl2, and annealing at 60°C. The number of copies was calculated by the software included with the instrument and normalized by that of the GAPDH housekeeping gene.
Morphometry of the Aorta
The rats were killed with a sodium pentobarbital overdose and were perfusion-fixed for 5 min at 120 mmHg in WKY, SP-Cand(high), and SP-HH, and at 200 mmHg in SP-C and SP-Cand(low), with 4% paraformaldehyde buffered with 0.1 mol/l NaH2PO4. The aortas were excised, fixed in the same buffer for 24 h, then dehydrated and embedded in paraffin. The paraffin slices (4 μm thick) were stained with hematoxylin-eosin and Azan staining solutions. The wall thickness/ lumen ratio (the medial thickness to the internal diameter) and fractional Azan staining (area of fibrosis) were determined. These measurements were performed from five randomly selected fields in one cross section of aorta (magnification: × 200) with NIH Image (version 1.59) software.
Oxidative Fluorescence Microtopography
A portion of the aorta was excised and snap-frozen with OCT compound (Sakura Finetek, Inc., Tokyo, Japan) in isopentane prechilled with liquid nitrogen to produce fresh-frozen sections for oxidative fluorescence microtopography. Dihydroethidium (DHE) oxidative fluorescence dye was used to evaluate the in situ production of superoxide. Unfixed frozen samples were cut into 30-μm-thick sections and placed on glass slides. Dihydroethidium (10 μmol/l) was applied to each section, and then the section was incubated in a light-protected humidified chamber at 37°C for 30 min. A fluorescence image of DHE was obtained by a laser scanning confocal imaging system (LSM5 PASCAL; Carl Zeiss, Tokyo, Japan) with a 560-nm-long pass filter.
The image was selectively and quantitatively analyzed using NIH Image software to evaluate the cellular site of superoxide production in the media areas, which were predetermined with hematoxylin-eosin-stained serial sections. These data were expressed as fold increases against the corresponding data of the control group.
Statistical Analysis
Data are presented as the means±SEM. Comparisons between groups were made by one-way ANOVA, followed by Scheffe's least significant difference post hoc test. A value of p< 0.05 was considered statistically significant.
Results
Expression of NAD(P)H Oxidase mRNA in the Aortic Media of SHRSP and WKY
The mRNA expressions of NAD(P)H oxidase components in the aortic media of SHRSP and WKY were assessed by quantitative PCR (Table 1 ). In both SHRSP and WKY, the expression of Nox4 mRNA was highest in homologues of gp91phox. Between SHRSP and WKY, the expressions of Nox4 mRNA and Nox1 mRNA were significantly higher in the former (Table 1) . No significant differences were found between WKY and SP-C in the expression of gp91phox or in that of p22phox. 
Systolic Blood Pressure, Heart Rate, and Body Weight
We next tested whether or not antihypertensive treatment would affect the expressions of Nox1 and Nox4, superoxide production in the media, and remodeling and fibrosis of the aorta. The changes in SBP during drug administration are shown in Fig. 1 . Chronic treatment with high-dose candesartan or hydralazine plus hydrochlorothiazide decreased blood pressure to a level comparable to that of WKY. On the other hand, low-dose candesartan did not significantly decrease blood pressure. Table 2 shows the SBP, heart rate, and body weight of WKY, SP-C, SP-Cand(low), SPCand(high), and SP-HH at 32 weeks of age. SBP was significantly higher in SP-C than in WKY. Body weight was significantly smaller in the three SHRSP groups than in WKY. Heart rate was significantly greater in SP-HH than in the other groups.
Morphology of the Aorta
The wall thickness-to-lumen ratio in the SP-C was significantly higher than that in WKY. In SP-Cand(high), that ratio was nearly the same as in WKY (Fig. 2A) . Similarly, total fractional fibrosis in the media was significantly higher in SP-C than in WKY, and was nearly normalized in SP-Cand(high) (Fig. 2B) . The wall-to-lumen ratio and fractional fibrosis in the media in SP-Cand(low) and SP-HH tended to decrease, but the changes were not statistically significant. Figure 3 shows superoxide content in the vessel wall assessed by DHE fluorescence. The SP-C group showed an increase in DHE fluorescence, reflecting the increased superoxide content throughout the vessel wall (Fig. 3A) . The WKY group and the SP-Cand(high) group showed only a minimal fluorescence in the media. In another set of experiments in which the sections were additionally exposed to diphenyleneiodonium (DPI), an inhibitor of NADPH oxidase, the fluorescence was minimal from the aortic media in all groups and the increased fluorescence in SHRSP was not evident (data not shown). Figure 3B shows the results of semi-quantitative analysis. The level of fluorescence in aortic media from the SP-C 
Oxidative Fluorescence Microtopography
Fig. 2. Morphological evaluation of the aorta from WKY, untreated SHRSP (SP-C), and SHRSP treated with a low dose of candesartan (SP-Cand(low)), with a high dose of candesartan (SP-Cand(high)), or with hydralazine plus hydrochlorothiazide (SP-HH
group was significantly higher than that from the WKY group. The level of fluorescence from the SP-Cand(high) group was reduced significantly, to the level of the WKY group. Fluorescence levels in the SP-Cand(low) and SP-HH groups decreased, but were in between those of SP-C and WKY.
Expression of Nox4 mRNA and Nox1 mRNA
The Nox4 mRNA level was significantly lower than that of SP-C in all treatment groups (Fig. 4) . The Nox4 mRNA level of SP-Cand(high) was comparable to that of WKY. In contrast, the levels of SP-Cand(low) and SP-HH were in between the levels of WKY and SP-C. Unlike the increase in the mRNA level of Nox1 in the SP-C group, the level was significantly decreased in the SP-Cand(low), SP-Cand(high), and 
Fig. 3. Fluorescence intensities by dihydroethidium, reflecting superoxide production in the aorta. A: Fluorescence signals in the aorta from WKY (a), SP-C (b), SP-Cand(low) (c), SP-Cand(high) (d), and SP-HH (e). Bar indicates 100 μm. The upper side of the figure corresponds to the lumen. B: Level of fluorescence intensity from the aortic media in each group
SP-HH groups. The Nox1 mRNA levels of SP-Cand(low), SP-Cand(high), and WKY were comparable.
Discussion
In the present study, we have shown that the mRNA expressions of Nox1 and Nox4 were higher in the aortic media from SHRSP than in those from WKY, whereas the mRNA expressions of p22phox and gp91phox were comparable from strain to strain. Furthermore, antihypertensive treatment for 8 weeks corrected the increased expressions of Nox1 and Nox4 in SHRSP, in parallel with the decrease in superoxide production and with the correction of the wall remodeling. Highdose candesartan nearly normalized these abnormalities, which developed during chronic hypertension. Collectively, these results indicate that both angiotensin II and chronic hypertension up-regulated vascular NAD(P)H oxidases, especially Nox1 and Nox4, and could contribute to the development of hypertensive vascular injury.
Expression of Nox Family Members in the Aortic Media
In vascular tissues, the expressions of Nox1 and Nox4 are high, but that of gp91phox is relatively low (2, 3) . Nox4 mRNA expression is about 50 times higher in the rat aorta and about 150 times higher in the rat carotid artery than Nox1 mRNA expression (5, 10) . In the present study, the Nox4 mRNA level in the aortic media was 300-to 500-fold higher than that of Nox1. In cultured vascular muscle cells from the rat aorta, the expressions of Nox1 and Nox4 are relatively high and comparable to each other, but that of gp91phox is low (11) . In contrast, a significant expression level of gp91phox was reported in cultured vascular muscle cells from human resistance arteries (12) . The different expression patterns among these studies might be attributable to differences in vascular tissues (species and regional differences) and/or those in experimental conditions (in vitro vs. in vivo).
Increased mRNA Expression of Nox1 and Nox4 in the Aortic Media from SHRSP
We have shown that the expression of Nox1 mRNA and Nox4 mRNA in the aortic media of SHRSP were 10-fold and 2.5-fold those of WKY, respectively. Only three studies have examined the altered expression of Nox family members in vascular tissues from a chronic hypertensive model. One study showed that in cerebral arteries from SHR, up-regulation of Nox4 mRNA was 4-fold that of WKY, whereas Nox1 mRNA and gp91phox mRNA were comparable between the strains (8) . Another study showed that mRNA expressions of Nox1 and gp91phox in the aorta were comparable between SHR and WKY (3-4 months old and 9-12 months old, respectively), although that of Nox4 was not evaluated (9) . The third study examined transgenic hypertensive rats overexpressing the mouse Ren 2 gene, TGR(mREN2)27; such mice have an overactive tissue renin-angiotensin system and develop severe hypertension at an early age (13) . In aortas from 10-week-old TGR(mREN2)27, mRNA and protein of Nox4 were increased by about 60% and 100%, respectively, compared to control rats, while the expression of gp91phox mRNA was not evaluated and Nox1 mRNA was detected only in TGR(mREN2)27, not in control rats. Although the alteration varies among different disease models, the increased expression of NAD(P)H oxidase components appears to be a common mechanism for the increased superoxide production.
In the present study, the level of p22phox mRNA did not differ between SHRSP and WKY. Other reports have also shown that expression of p22phox mRNA did not differ between SHRSP and WKY rats aged 9-12 months (9), nor did they differ in cerebral vessels from 26-week-old SHR and WKY (8) . This is in contrast to previous reports that p22phox immunostaining was enhanced in aortas from female SHRSP aged 9-12 months compared to age-matched WKY (6) , and that p22phox mRNA was higher in aortas from 30-week-old SHRSP than in age-matched WKY (7). The present study did not reveal the reasons for the discrepant results among these studies.
Infusion of angiotensin II has been shown to cause acute hypertension and inflammation in cardiovascular tissues (4, 5) . In the aortas of angiotensin II-infused rats, mRNA expressions of Nox1, gp91phox, and p22phox were up-regulated several fold, whereas the increase in Nox4 mRNA was small (5, 14) . This result is in contrast to a finding of the present study, that Nox1 and Nox4 in the aortic media from SHRSP were up-regulated while p22phox was not. The mechanism underlying the increased superoxide production in the aorta from angiotensin II-infusion model rats might differ from that in SHR. Since we removed the adventitia from the samples, the changes of p22phox and gp91phox, which are known to localize and play important roles for superoxide production in the adventitia (4), might have been less evident in the present study compared to other studies.
Antihypertensive Treatment
Treatment with high-dose candesartan decreased the blood pressure level of SHRSP to that of WKY. In addition, the expressions of Nox1 mRNA and Nox4 mRNA were decreased, and superoxide production was nearly normalized. Low-dose candesartan, which did not decrease blood pressure, also decreased the expressions of Nox1 and Nox4 in SHRSP. It is thus likely that activation of the angiotensin II type 1 receptor contributes to the elevation of Nox1 and Nox4 mRNA expressions independently from blood pressure. The Nox1 mRNA level in the low-dose candesartan group was fully normalized, whereas the Nox4 mRNA level was in between the levels of SHRSP and WKY. Thus, the expression of Nox1 is more dependent on the renin-angiotensin system than is that of Nox4. This result is in good accord with a previous report in which angiotensin II increased Nox1 mRNA but not Nox4 mRNA in rat cultured vascular muscle cells (11) . Our finding is also supported by the results that in the aortas of angiotensin II-infused rats, the mRNA expression of Nox1 was up-regulated, but the increase in Nox4 mRNA was small (5, 14) . Although angiotensin II is known to stimulate superoxide production by modulating signal transduction, including Src, protein kinase C, phospholipase D, small G protein (rac), phosphoinositol 3 kinase, and epidermal growth factor receptor activation (15, 16) , the angiotensin II-dependent increase in the expression of the NAD(P)H component could also be an important mechanism for the increased superoxide production of vascular tissues during chronic hypertension.
Antihypertensive treatment of SHRSP with diuretics and a vasodilator decreased their level of blood pressure to that of WKY. This treatment partially reduced the mRNA expressions of Nox1 and Nox4 and the superoxide production. Chronic pressure overload to the aorta per se appears to increase the expressions of Nox1 and Nox4, but it could not explain all of the changes observed in SHRSP. Our findings might be supported by in vitro evidence that a mechanical stretch enhanced Nox1 mRNA in cultured aortic vascular cells from mice (17) . It has been reported that mechanical stress activated the angiotensin II type 1 receptor without the involvement of angiotensin II (18) . The correction of mechanical stress and pressure overload to the aorta by a vasodilator and diuretics might suppress angiotensin II type 1 activation. Considering the data concerning antihypertensive treatment, it can be inferred that both strict control of blood pressure and inhibition of the angiotensin II type 1 receptor are required in order to repair the hypertensive vascular damage. Inversely, chronic overload and angiotensin II type 1 receptor activation play important roles in increasing superoxide production during chronic hypertension.
Both low-dose candesartan and hydralazine plus hydrochlorothiazide significantly decreased Nox1 and Nox4, but the inhibition of superoxide contents in aortic media by these treatments was mild. Although the reason for this discrepancy in the present study remains unknown, it is possible that changes in other components of NAD(P)H oxidase, such as p47phox and p67phox, may play a role in the level of superoxide. In addition, various enzymes or systems which generate or scavenge superoxide, including NAD(P)H oxidase, xanthin oxidase, electron transport chain in mitochondria, superoxide dismutase, glutathione peroxidase, etc., may also affect the level of superoxide content. In hypertensive rats, the expression and activity of superoxide dismutase, which scavenges superoxide, was decreased compared to that in normotensive controls (19) . Administration of angiotensin II receptor blocker or angiotensin converting enzyme inhibitor further enhanced the superoxide dismutase expression (20) .
A recent study showed that a lipophilic angiotensin II receptor blocker had more pronounced inhibitory action on p22phox expression than did a hydrophilic one in the aorta from SHRSP when drugs were administered for 2 weeks (21). We did not compare types of angiotensin II receptor blockers in the present study, although candesartan is lipophilic. It remains uncertain whether our findings would be common to all angiotensin II receptor blockers.
The limitations of the present study are as follows. First, although we prepared aortic media by rubbing the endothelium and adventitia, a minute contamination might have been present, and could have affected the results. Second, we quantified the expression levels of mRNA but not those of protein. This was because no antibodies specific to rat Nox family members were available. The relationship between mRNA expressions of Nox 1 and Nox 4 and superoxide production were in good accordance. Thus, the evaluation of the mRNA expression of Nox family members might be useful at the present. Third, the mechanism underlying the association between Nox homologue expression and angiotensin II or hypertension remains unknown in the present study. It has been reported that angiotensin II may increase the Nox1 expression, but not the Nox4 expression, in cultured cells (5, 14) , whereas tumor necrosis factor-α and pholbor ester increase the latter but not the former (22, 23) . Fourth, although we have shown that the mRNA expressions of Nox1 and Nox4 were up-regulated in the aortic media from SHRSP, it remains unknown what the specific roles of Nox1 and Nox4 are in smooth muscle during the development of hypertensive vascular injury via superoxide production. It has been suggested that Nox1 may be associated with cell proliferation or cell growth, whereas Nox4 may be associated with cell differentiation or senescence (24) (25) (26) (27) . Future studies are needed to clarify this question.
